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a b s t r a c t 
This work focuses on the physico-chemical analysis of a silane-grafted polyethylene stabilised with an
excess of Irganox 1076® as phenolic antioxidant before and after surface cleaning using acetone as a
polar solvent. The non-uniform distribution of Irganox 1076® in this polymer matrix was investigated
with several complementary characterisation techniques including FTIR spectroscopy (in both ATR and
transmission modes), DSC analysis, OIT measurements, and optical microscopy. Initially, the presence of
antioxidant crystals at the polymer surface was confirmed. Surface cleaning showed to be effective to
remove all antioxidant crystals present at the polymer surface, as confirmed by FTIR spectroscopy in ATR
mode, DSC analysis, and optical microscopy. The remaining concentration of antioxidant in the polymer
matrix was estimated by FTIR spectroscopy in transmission mode and OIT measurements using prelim- 
inary established OIT and FTIR calibration curves. It was found that this concentration corresponds to
the solubility threshold at 25 °C of about 0.9 wt% (i.e. ≈ 1.6 × 10 −2 mol.L −1 ) determined in a previous 
publication. Hence, all experimental results suggest that antioxidant crystals would only be present at the
polymer surface, and not within the polymer bulk, which finally allows proposing a simplified microstruc- 
tural model for this heterogeneously stabilised polymer. It was also found that antioxidant crystals effi- 
ciently participate to the stabilisation process of the polymer matrix during oxidation, thus significantly
increasing the OIT. This important result might constitute an interesting stabilisation route for industry,
still unexplored to date, obviously depending on the intended final application of the polymer.
1. Introduction
Antioxidants (AO) are widely used to protect polymers against 
oxidation reactions and to ensure their long-term stability. Hin- 
dered phenols, such as Irganox 1076® ( Fig. 1 ), have long been 
known to be effective AO against the thermal oxidation in poly- 
olefins [1–4] . However, due to their significant difference in po- 
larity, the solubility of hindered phenols in polyolefins is gener- 
ally low, typically less than 1 wt% in polyethylene (PE) [5–7] . Due 
to this limited solubility, an oversaturation can easily occur in in- 
dustrially formulated PE, leading to several phenomena such as a 
phase separation of AO from the polymer matrix, and the exuda- 
tion and blooming of AO at the sample surface [8–11] . 
In a recent study [8] on a silane-grafted linear low density 
polyethylene (Si-g-LLDPE) stabilised with several concentrations of 
Irganox 1076® (typically ranged between 0.1 wt% and 2.1 wt%), 
several complementary experimental techniques including FTIR 
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spectroscopy (in both ATR and transmission modes), DSC analysis 
and optical microscopy, were used to detect and identify the physi- 
cal state of AO (i.e. dissolved or crystallised) in the polymer matrix. 
Indeed, it was shown that the wavenumber of the IR absorption 
bands of the phenol and ester functions of Irganox 1076® highly 
depends on this physical state. It was also shown that, above a 
critical concentration of AO of about 0.9 wt%, AO crystals started 
to be detected with the three techniques mentioned above. Indeed, 
above this critical concentration, an oversaturation was put in evi- 
dence through the appearance of new IR absorption bands charac- 
teristic of Irganox 1076® crystals on the FTIR spectra obtained in 
ATR mode, the melting peak of Irganox 1076® crystals on the DSC 
thermograms, and AO crystals of various size (from few microns to 
a dozen of microns) on the micrographs of the sample surface. 
Although, above this critical concentration, no new distinctive 
IR absorption bands that could correspond to AO crystals was de- 
tected on the FTIR spectra obtained in transmission mode, a broad- 
ening towards lower wavenumbers and a loss in the symmetry of 
the IR absorption bands initially assigned to the dissolved frac- 
tion of AO was however observed, thus suggesting the formation 
Fig. 1. Chemical structure of Irganox 1076®.
of shoulders at these bands. In addition to these changes in the 
IR bands shape, an increase in the apparent molar extinction co- 
efficient was reported. As FTIR spectroscopy in transmission mode 
is a global analysis technique through the sample thickness (like 
DSC analysis), the exact origin of all these spectral modifications 
remains an open question. As illustrated in Fig. 2 , they could only 
be caused by the presence of AO crystals at the sample surface, or 
they could also be caused by the formation of crystalline nodules 
of AO in the sample bulk. 
In other words, at this stage of investigations, if exudation and 
blooming of AO at the sample surface is clearly proven, a phase 
separation of AO in the sample bulk cannot be totally excluded. 
In order to confirm or dismiss this assumption, an even more 
highly stabilised Si-g-LLDPE sample, typically containing 3.3 wt% 
of Irganox 1076®, was analysed in the present work. The same ex- 
perimental methodology as in the previous study [8] was used to 
characterise this new sample and thus, to complete the previous 
results. In addition, a new complementary technique was used in 
the present work: OIT measurements under pure O 2 flow. Indeed, 
this technique, which is commonly used for the characterisation of 
stabilised polymers, generally gives a good correlation between the 
OIT values and the global concentrations of AO in the polymer ma- 
trix [12–15] . However, in the case of a heterogeneously stabilised 
polymer, one can wonder if the AO crystals also participate to the 
stabilisation process, or if only the dissolved fraction of AO can be 
assessed with this technique. 
As previously reminded, above a critical concentration of about 
0.9 wt% of Irganox 1076®, AO crystals were detected at the sample 
surface. If AO crystals are only present on the sample surface, then 
their removal by cleaning the sample surface with a polar solvent 
should allow only finding the IR signature of the dissolved faction 
of AO in transmission mode. For this reason, the surface and the 
bulk of the highly stabilised sample (i.e. with 3.3 wt% of AO) was 
Table 1
Physico-chemical characteristics of Irganox 1076®.
Thermal stability T x wt% under air corresponds to the
temperature at which a mass loss of x wt% is observed.
Properties Value Reference
Molar mass (g.mol −1 ) 531 [16]
Melting point ( °C) 51 ± 1 This study
Density at 20 °C (g.cm −3 ) 1.02 [16]
Thermal stability:
T 1 wt% ( °C) 270 [16]
T 10 wt% ( °C) 320 [16]
analysed before and after surface cleaning using the experimental 
methodology mentioned above. 
2. Materials and methods
2.1. Films of silane-grafted PE stabilised with Irganox 1076®
Films of about 100 μm thick of silane-grafted linear low-density 
polyethylene (Si-g-LLDPE) stabilised with concentrations of Irganox 
1076® up to 3.3 wt%, were produced by hot-compression moulding 
at 150 °C for 4 minutes with a Gibrite Intruments laboratory press. 
The mixture to be processed was formulated according to the ex- 
perimental protocol already described in the previous article [8] . 
The Si-g-LLDPE pellets were gratefully provided by Nexans NRC, 
Lyon (France), whereas the Irganox 1076® powder was supplied by 
Sigma Aldrich. It should be mentioned that the as-received pellets 
already contained a small quantity of storage AO (including about 
0.1 wt% of Irganox 1076®), which was taken into account in the 
calculation of the total concentration of phenol functions in the 
present work. The crystallinity ratio of the polymer is about 41%, 
with a melting peak at 114 °C, and a density of about 0.918 g.cm −3 . 
Additional information reported in the literature for Irganox 1076®
[16] is also compiled in Table 1 .
All the Si-g-LLDPE films were stored at ambient temperature in
a desiccator containing silica gel before any physico-chemical char- 
acterisation. 
2.2. Surface cleaning treatment 
The Si-g-LLDPE films were gently cleaned with absorbing paper 
and acetone (supplied by Sigma-Aldrich) in order to remove the 
AO crystals initially present on their surface. 
Fig. 2. Schematic representation of the microstructure of a stabilised polymer in the case of homogeneous and heterogeneous distribution of antioxidants [8] . [AO] c corre- 
sponds to the solubility threshold of AO in the polymer matrix.
2.3. Fourier-Transform Infrared spectroscopy (FTIR) 
FTIR spectra were recorded at room temperature using a Perkin 
Elmer FTIR Frontier spectrometer from 40 0 0 to 650 cm −1 in At- 
tenuated Total Reflectance (ATR) mode, or from 40 0 0 to 40 0 cm −1 
in transmission mode, after averaging the 16 scans obtained with 
a resolution of 4 cm −1 . In case of ATR mode, the analyses were 
performed with a diamond/ZnSe crystal. For each sample, at least 
three FTIR spectra, at three different spots of the sample, were 
recorded. 
2.4. Differential Scanning Calorimetry (DSC) 
DSC thermograms were recorded using a TA instruments DSC 
Q10 0 0 calorimeter beforehand calibrated with an indium refer- 
ence. The DSC experiments were performed on samples with a 
mass ranged between 5 mg and 8 mg introduced in closed stan- 
dard aluminium pans. The analyses were performed under a pure 
N 2 flow of 50 mL.min 
−1 between - 50 °C and 100 °C with heating 
and cooling rates of 10 °C.min −1 . For each sample, at least three 
DSC thermograms were recorded. 
This technique was shown to be efficient to quantify the crys- 
talline fraction of AO in heterogeneously stabilised polymers [8] . 
Indeed, using the melting enthalpy of the AO crystal, beforehand 
determined from the commercial AO powder, the concentration of 
insoluble AO in the polymer matrix can be estimated as follows: 
[ Irganox 1076] insol = 
H m, Irganox 1076, sample 
H m, pure Irganox 1076
× ρPE (1) 
Where ρPE is the polymer density (0.918 g.cm 
−3 ),
H m, pure Irganox 1076 the melting enthalpy of the crystalline form
I of Irganox 1076® (63.5 kJ.mol −1 [8] ), and H m, Irganox 1076, sample
the melting enthalpy of the Irganox 1076® crystals in the stabilised
sample (J.g −1 ).
2.5. Oxidation Induction Time (OIT) 
OIT thermograms were recorded using a TA instrument DSC 
Q10 calorimeter according to the standard ASTM D3895-19 [12] . 
OIT experiments were performed on samples with a mass ranged 
between 5 mg and 8 mg introduced in open standard aluminium 
pans. The samples were first heated under a pure N 2 flow of 50 
mL.min −1 from room temperature to the temperature of measure- 
ment with a heating rate of 10 °C.min −1 . After 5 min of tem- 
perature equilibration, the gas flow was switched from N 2 to O 2 . 
Then, the OIT value at the temperature of measurement under a 
pure O 2 flow of 50 mL.min 
−1 was determined using the tangent 
method, which corresponds to the duration period between the in- 
troduction of the O 2 flow and the onset of the oxidation exotherm. 
Two temperatures of measurement were studied by OIT: 200 °C 
and 205 °C. For each sample, at least three OIT thermograms were 
recorded. 
2.6. Optical microscopy 
The surface of the Si-g-LLDPE films was examined before and 
after acetone cleaning using a Zeiss Axio Imager 2 optical micro- 
scope in reflection mode with polarised light. 
3. Results and discussion
3.1. Calibration curves 
In a recent study [8] , it was shown that the physical state 
of the phenolic antioxidant (completely dissolved or crystallised) 
in the polymer matrix can easily be distinguished using FTIR 
Table 2
Attribution of the IR absorption bands of Irganox 1076® depending on its
physical state [8] . Only crystalline form I is considered here.
Attribution Wavenumber (cm −1 ) 
“Dispersed state” (soluble AO in PE) 3648-3649 (O-H of phenol)
1740-1741 (C = O of ester) 
Crystalline form I 3639-3642 (O-H of phenol)
1733-1736 (C = O of ester) 
Fig. 3. Normalised hydroxyl and carbonyl regions of the FTIR spectra obtained in
transmission mode for the Si-g-LLDPE films stabilised with an increasing concen- 
tration of Irganox 1076®.
spectroscopy. Table 2 shows the different IR absorption bands of 
Irganox 1076® and their attributions. It should be pointed out that 
Irganox 1076® can exist under different crystalline forms (poly- 
morphism) [8 , 10] . However, as only the crystalline form I was 
observed in this study, only its FTIR characteristics are given in 
Table 2 . 
Fig. 3 depicts the hydroxyl and carbonyl regions of the FTIR 
spectra obtained in transmission mode for Si-g-LLDPE films sta- 
bilised with an increasing concentration of Irganox 1076®. In or- 
der to compare these spectra, their absorbance was normalised 
with the film thickness, e. It should be mentioned that two IR ab- 
sorption bands around 3605 cm −1 and 3645 cm −1 are initially ob- 
served for the pure Si-g-LLDPE, which are due to the polymer ma- 
trix itself, and not to AO. Indeed, according to the literature [17–
19] , when PE samples are sufficiently thick, two IR bands around
3605 cm −1 and 3645 cm −1 can be observed, due to two-phonon
combinations of CH 2 asymmetric stretching and rocking modes.
As already observed in our previous study [8] , for an AO con- 
centration up to 4.1 × 10 −2 mol.L −1 (i.e. ≈ 2.4 wt%), the maxi- 
mum of the IR absorption band of the phenol and ester functions 
of Irganox 1076® is observed at 3648 and 1740 cm −1 , respectively. 
Although no new distinctive IR absorption band that could cor- 
respond to AO crystals is detected, a broadening towards lower 
wavenumbers and a loss in the symmetry of the two bands ini- 
tially assigned to the dissolved fraction of AO is however observed 
as the AO concentration is increased. In contrast, for the even more 
stabilised sample with 5.7 × 10 −2 mol.L −1 (i.e. ≈ 3.3 wt%) of AO, a 
distinct shift of both IR absorption bands towards lower wavenum- 
bers is observed. As shown in Table 2 , the final positions of these 
two IR bands correspond to those already reported for the crys- 
talline form I of AO in reference [8] . 
Plotting the normalised absorbance of phenol functions (sub- 
tracted by the absorbance of the IR band around 3645 cm −1 due to 
PE in the pure Si-g-LLDPE) against their concentration gave the cal- 
ibration curve of Fig. 4 . As already shown in the previous study [8] , 
for a concentration lower than [OH] 1 = 1.6 × 10 −2 mol.L −1 (i.e. ≈
0.9 wt%), all AO molecules are solubilised into the polymer matrix. 
Fig. 4. Calibration curve of the normalised absorbance of the phenol IR band
against the concentration of phenol functions. Modelling of the experimental data
(points) with Eq. (2) (red dashed line).
The slope of the calibration curve is about 100 ± 5 mol.L −1 .cm −1 , 
which is a quite conventional value for the molar extinction coeffi- 
cient of isolated OH bonds in literature [20–22] . Above this critical 
concentration of phenol functions, AO crystals are formed and a 
first slope-break can be observed. The appearance of AO crystals 
seems to induce an increase in the apparent molar extinction co- 
efficient. Then, for a concentration of about [OH] 2 = 3.5 × 10 −2 
mol.L −1 (i.e. ≈ 2.0 wt%), a second slope-break can also be noticed, 
finally leading to a slight decrease in the apparent molar extinc- 
tion coefficient. So how to explain such a non-monotonic variation 
of the apparent molar extinction coefficient? 
For concentrations above [OH] 2 = 3.5 × 10 −2 mol.L −1 (i.e. ≈
2.0 wt%), the slope is about 230 ± 7 mol.L −1 .cm −1 , i.e. a value 
very close to the molar extinction coefficient found for the phe- 
nol function of Irganox 1076® crystals in KBr pellets: about 210 
± 5 mol.L −1 .cm −1 [8] . It can thus be concluded that the second 
slope-break occurs for a critical concentration of phenol functions 
above which the crystallised fraction of AO becomes predominant 
over the dissolved fraction of AO. That is the reason why the global 
FTIR behaviour of AO in the Si-g-LLDPE matrix approaches that of 
AO crystals. 
For concentrations ranged between [OH] 1 = 1.6 × 10 −2 mol.L −1 
(i.e. ≈ 0.9 wt%) and [OH] 2 = 3.5 × 10 −2 mol.L −1 ( ≈ 2.0 wt%), a 
complex behaviour can be observed, where no fraction of AO (i.e. 
dissolved or crystallised) largely predominates over the other. This 
is thus a transition step between two extreme FTIR behaviours. 
The transition observed in the FTIR calibration curve appears to 
be satisfyingly described by the statistical model of Mahieux and 
Reifsnider [23 , 24] , first developed for simulating the sigmoidal 
change in temperature of the storage modulus in a large tempera- 
ture range where polymers exhibit multiple thermodynamic transi- 
tions (e.g. secondary relaxation, glass transition, etc.). According to 
these authors, the Weibull distribution used for building the model 
would allow accounting for the failure under thermal agitation of 
secondary bonds in polymers (e.g. H-bonds, dipole-dipole interac- 
tions, van der Waals interactions) and for the resulting increase 
in molecular mobility during the different thermodynamic transi- 
tions. More recently, the use of this model was generalized for de- 
scribing the transition of oxidation rate constants around the glass 
transition temperature of polymers [25] . In the present study, the 
mathematical form of the statistical model of Mahieux and Reifs- 
nider also appears to be suitable for accounting for the phase tran- 
sitions of antioxidant (during which secondary bonds are likely in- 
Table 3
Values of K T and OIT ∞ determined at 200 °C and 205 °C for Si- 
g-LLDPE films stabilised with Irganox 1076®.
Temperature of OIT
measurement ( °C)
Initial slope K T
(min.L.mol −1 ) 
Final asymptote
OIT ∞ (min)
200 4940 ± 100 220 ± 20 
205 3400 ± 100 150 ± 10 
volved). This model can be written as follows: 
A(OH) 
e 




A 1 (OH) 
e 







[ OH ] − [ OH ] 2 
[ OH ] 1 − [ OH ] 
)m ]
(2) 
Where [OH] 1 and [OH] 2 are the critical concentrations of phenol 
functions delimiting the transition zone from the fully solubilised 
and crystallised domains, respectively; m is a statistical parameter 
related to the width of this transition zone; A 1 (OH) and A 2 (OH) are 
the values of A(OH) in the fully dissolved and crystallised domains, 
respectively, and e is the sample thickness. 
Its numerical application to the master curve of Fig. 4 allows 
determining the statistical parameter (m ≈ 0.5) and checking the 
validity of the Beer-Lambert’s law on both sides of the transition 
zone. Indeed, it was found that: 
A 1 ( OH ) 
e 
= 100[ OH ] (3) 
A 2 (OH) 
e 
= 230[ OH ] (4) 
Similarly to FTIR, calibration curves were also established for 
OIT measurements in pure O 2 at two different temperatures: 200 
°C and 205 °C. The corresponding calibration curves are shown in 
Fig. 5 . It should be recalled that, according to the literature [12–15] , 
OIT measurements generally give a good estimation of the global 
active AO concentration in polyolefin matrices. Such a correlation 
can be written as follows: 
OIT(T) = K T × [ AO ] + OIT 0 (T) (5) 
Where K T is a constant only depending on the temperature T and 
the couple {polymer matrix, AO} under consideration, [AO] the 
concentration of the active functions of AO (here phenols), and 
OIT(T) and OIT 0 (T) the values of OIT at the measurement temper- 
ature for the stabilised and non-stabilised polymer matrix, respec- 
tively. For the pure Si-g-LLDPE, OIT 0 is near zero in pure O 2 at 200 
and 205 °C. 
For both measurement temperatures, it appears that the cali- 
bration curve consists in two distinct parts: 
- An initial linear portion confirming the validity of Eq. (5) during
which OIT increases proportionally with the concentration of
phenol functions in the Si-g-LLDPE matrix. This linearity seems
to be reasonable up to a maximum concentration of AO of
about 4.0 × 10 −2 mol.L −1 (i.e. ≈ 2.3 wt%).
- Above this critical concentration, OIT suddenly reaches a sat- 
uration plateau, which means that it is no longer possible to
further stabilise the polymer matrix by incorporating more AO.
The estimated values of the initial slope (i.e. constant K T ) and
final asymptote (denoted OIT ∞ ) at 200 °C and 205 °C are given 
in Table 3 . As expected, K T and OIT ∞ are decreasing functions of 
temperature, in the same manner as OIT. 
Similarly to FTIR, reaching the solubility threshold [OH] 1 of AO 
in the polymer matrix could allow explaining the observed OIT be- 
haviour. However, the value determined for [OH] 1 at 200-205 °C 
Fig. 5. Calibration curves of OIT against the concentration of phenol functions at: a) 200 °C, and b) 205 °C.
with the OIT measurements (4.0 × 10 −2 mol.L −1 , i.e. ≈ 2.3 wt%) 
is about 2.5 times higher than the previous value found at 25 °C 
by FTIR spectroscopy (1.6 × 10 −2 mol.L −1 , i.e. ≈ 0.9 wt%). In fact, 
it should be recalled that [OH] 1 is an increasing function of tem- 
perature obeying an Arrhenius law [6 , 26 , 27] . Thus, at 200-205 °C, 
[OH] 1 is necessarily higher than at 25 °C. It is thus suspected that 
the melted AO crystals at 200-205 °C further solubilise into the 
polymer matrix during the OIT experiment. To check the validity 
of this assumption, the Arrhenius law was applied on the two val- 
ues of [OH] 1 obtained at 25 °C (i.e. by FTIR) and at 200-205 °C (by 
OIT measurements). It was found that the corresponding activation 
energy (E a ≈ 7 kJ.mol −1 ) is much lower than the heat of AO disso- 
lution usually reported in the literature for Irganox 1076® in a PE 
matrix. For instance, Moisan [26] reported values ranged between 
45 kJ.mol −1 and 73 kJ.mol −1 below and above the melting point 
of AO, respectively. Such a difference in activation energy confirms 
that the value of [OH] 1 estimated from OIT measurements is sev- 
eral orders of magnitude lower than the expected value of the 
solubility threshold of AO in the polymer matrix at 200-205 °C. 
This result is not surprising since OIT measurements were per- 
formed with opened aluminium pans at high temperatures well 
above the melting points of both the AO ( ≈ 51 °C) and the Si- 
g-LLDPE matrix ( ≈ 114 °C). Indeed, under these harsh operating 
conditions, the evaporation of small additive molecules such as AO 
is largely favoured, especially for AO molecules located near or at 
the film surface. Therefore, it is reasonable to assume that, during 
the OIT experiment, the melted AO crystals can dissolve into the 
polymer matrix as the solubility is increased, but this dissolution 
is in competition with their evaporation from the polymer matrix. 
It is hence not surprising to find a value of [OH] 1 higher with OIT 
measurements (at 200-205 °C) than with FTIR spectroscopy (i.e. 25 
°C), but also lower than expected if based on literature data. In ad- 
dition, this competition between further AO solubilisation and AO 
evaporation can also explain the presence of a saturation plateau 
on the OIT calibration curves. In order to better explain the ob- 
served OIT behaviour, three different scenarios have been schema- 
tized in Fig. 6 . The simplest scenario is first considered, to which 
further phenomena are then added in order to end up with the 
most complicated scenario. 
In scenario (a), only AO dissolved in the polymer matrix are 
considered. OIT at 200 °C hence increases linearly with AO con- 
centration, as all the AO are active and can participate to the sta- 
bilisation process. A final plateau is then obtained when the AO 
concentration reaches the solubility threshold at 25 °C, which is 
Fig. 6. Schematization of three different scenarios for explaining the shape of the
OIT calibration curves of Fig. 5: (a) AO sol ; (b) AO sol + AO insol with further AO solu- 
bilisation; (c) AO sol + AO insol with further AO solubilisation and AO evaporation. C S 
(25 °C), C S (200 °C) are the solubility thresholds of the AO in the polymer matrix at 
25 and 200 °C, respectively. C’ S (200 °C) is the lowered solubility threshold at 200 
°C due to AO evaporation.
noted C S (25 °C) in Fig. 6 , and corresponds to [OH] 1 determined by 
FTIR spectroscopy in our case. 
In scenario (b), an additional concentration of AO crystals is 
added above the solubility threshold at 25 °C. In this case, the ini- 
tial straight-line is hence extended to higher AO concentrations, 
as at 200 °C AO crystals melt and solubilise to further stabilise 
the polymer matrix. A final plateau is then obtained when the AO 
concentration reaches the solubility threshold at 200 °C, which is 
noted C S (200 °C). 
In the last scenario (c), AO evaporation is additionally con- 
sidered. Evaporation concerns preferentially AO molecules located 
near or at the films surface. In this case, there is thus a compe- 
tition between AO solubilisation and AO evaporation. As the AO 
evaporation rate is proportional to its concentration [28] , it is ex- 
pected that the final plateau is shifted towards lower OIT values 
and takes the shape schematized in Fig. 6 , with a much more pro- 
gressive transition between the initial straight-line and the final 
Fig. 7. Hydroxyl (a) and carbonyl regions (b) of the FTIR spectra obtained in ATR mode for a Si-g-LLDPE film stabilised with 3.3 wt% of Irganox 1076® before and after its
surface cleaning with acetone.
Fig. 8. Micrographs of the surface of a Si-g-LLDPE film stabilised with 3.3 wt% of Irganox 1076®: a) before, and b) after surface cleaning with acetone (with magnification
of 500 ×). 
plateau. The solubility threshold at 200 °C is hence also lowered 
due to AO evaporation, and is now noted C’ S (200 °C). 
The OIT calibration curves shown in Fig. 5 correspond to this 
last scenario. The lowered solubility threshold C’ S (200 °C) corre- 
sponds to [OH] 1 determined by OIT measurements in our case. 
It is noteworthy that the first signs of a saturation plateau was 
observed in a previous work on the OIT calibration curves of a 
sulphur-based AO in the Si-g-LLDPE matrix [29] . The existence of 
this plateau was also attributed to the presence of AO crystals. 
3.2. Physico-chemical characterisation of the polymer surface 
First of all, the surface of the Si-g-LLDPE film stabilised with 
5.7 × 10 −2 mol.L −1 (i.e. ≈ 3.3 wt%) of AO was analysed before and 
after surface cleaning with acetone as a polar solvent, using two 
complementary techniques: FTIR spectroscopy in ATR mode and 
optical microscopy. The objective of this surface cleaning was to 
remove all AO crystals that could be present at the sample surface. 
3.2.1. FTIR spectroscopy in ATR mode 
The FTIR spectra in both hydroxyl and carbonyl regions ob- 
tained before and after surface cleaning are given in Fig. 7 a and 
Fig. 7 b, respectively. 
Two IR absorption bands at 3649 and 1733 cm −1 are ini- 
tially detected on the sample surface. As shown in Table 2 , these 
two IR bands are assigned to AO crystals under the form I. In- 
deed, the initial concentration of AO in this material is higher 
than the solubility threshold determined in the previous study [8] : 
[OH] 1 = 1.6 × 10 −2 mol.L −1 ( ≈ 0.9 wt%). The detection of AO crys- 
tals at the polymer film surface is thus not surprising. After surface 
cleaning with acetone, no IR band is detected in these two spec- 
tral regions. This results thus suggests that all AO crystals were re- 
moved from the sample surface with acetone. 
3.2.2. Optical microscopy examination 
The micrographs of the sample surface obtained before and af- 
ter surface cleaning are given in Fig. 8 a and Fig. 8 b, respectively. 
AO crystals are initially present at the sample surface (in 
Fig. 8 a), while there are no longer visible after surface cleaning 
with acetone (in Fig. 8 b). This examination hence confirms the pre- 
vious results obtained by FTIR spectroscopy in ATR mode. 
3.3. Physico-chemical characterisation of the sample bulk 
In the previous section, it was shown that AO crystals are ini- 
tially present at the sample surface, but they can easily be re- 
moved by surface cleaning with acetone. After surface cleaning, the 
bulk of the Si-g-LLDPE film stabilised with 5.7 × 10 −2 mol.L −1 (i.e. 
≈ 3.3 wt%) of AO was characterised using several complementary 
techniques: DSC analysis under N 2 , OIT measurements, and FTIR 
Fig. 9. DSC thermograms (obtained with a heating rate of 10 °C.min −1 under nitro- 
gen flow) for a Si-g-LLDPE film stabilised with 3.3 wt% of Irganox 1076® before and
after its surface cleaning with acetone.
spectroscopy in transmission mode. These techniques were used 
to monitor, but also to quantify the concentration of AO, in both 
soluble and crystalline states. 
3.3.1. DSC under N2 
Fig. 9 shows the DSC thermograms (ranged between 30 °C and 
70 °C) obtained before and after surface cleaning. 
Initially, an endothermic peak at 51 °C assigned to the melting 
of AO crystals under the form I was clearly observed, thus confirm- 
ing the initial presence of AO crystals in the polymer film. After 
surface cleaning, no endothermic peak was observed between 30 
and 70 °C, thus suggesting that all AO crystals were removed from 
the polymer film with acetone. It can be thus concluded that AO 
crystals were only present at the sample surface, but not within 
the sample bulk. 
3.3.2. FTIR spectroscopy in transmission mode 
Fig. 10 a and Fig. 10 b show the hydroxyl and carbonyl regions of 
FTIR spectra obtained in transmission mode before and after sur- 
face cleaning, respectively. 
It should be also recalled that, as mentioned in Table 2 , the IR 
bands at 3640 cm −1 and 1735 cm −1 correspond to the phenol and 
ester functions of the AO under the crystalline form I, respectively. 
In contrast, IR bands at 3649 cm −1 and 1741 cm −1 correspond to 
the phenol and ester functions of AO completely dissolved into the 
PE matrix. 
On the basis of this information, the two IR bands observed ini- 
tially in transmission mode are assigned to AO crystals. After the 
surface cleaning, both IR bands are clearly shifted towards higher 
wavenumbers and are thus assigned to the dissolved fraction of 
AO. Once again, these results are consistent with the complete re- 
moval of AO crystals from the sample surface and the absence of 
AO crystals in the sample bulk. 
3.3.3. OIT measurements 
OIT measurements were performed on the Si-g-LLDPE film sta- 
bilised with 5.7 × 10 −2 mol.L −1 (i.e. ≈ 3.3 wt%) of AO before and 
after its surface cleaning. The corresponding values of OIT are com- 
piled in Table 4 . 
Initially, the value of OIT is about 230 min at 200 °C. After sur- 
face cleaning, a significant decrease in OIT to about 90 min is mea- 
sured. The same behaviour was observed at 205 °C, with values of 
Table 4
Values of OIT measured at 200 °C and at 205 °C under pure O 2 flow for a 
Si-g-LLDPE film stabilised with 3.3 wt% of Irganox 1076® before and after
its surface cleaning.
Sample OIT at 200 °C (min) OIT at 205 °C (min)
No surface cleaning 230 ± 9 151 ± 8 
After surface cleaning 91 ± 4 59 ± 2 
OIT of about 150 min and 60 min before and after surface clean- 
ing, respectively. These final values of OIT are of the same order 
of magnitude than the values previously reported on the OIT cal- 
ibration curves when the AO concentration is equal to the solu- 
bility threshold in the polymer matrix (see Fig. 5 ). Indeed, when 
[OH] = [OH] 1 = 1.6 × 10 −2 mol.L −1 (i.e. ≈ 0.9 wt%), OIT was about 
70 ± 10 min at 200 °C and about 50 ± 2 min at 205 °C. 
It should be recalled that OIT is directly related to the concen- 
tration of active functions of AO (here phenols) in the material. The 
decrease in OIT observed after the surface cleaning of the poly- 
mer film is thus directly related to the amount of AO crystals re- 
moved from the sample surface. It thus suggests that AO crystals 
are efficiently participating to the stabilisation process of the poly- 
mer matrix during the OIT experiments (i.e. in molten state at high 
temperatures). 
3.4. Proposal of a microstructural model for a heterogeneously 
stabilised polymer 
AO concentrations were estimated before and after the surface 
cleaning of the polymer film using the FTIR calibration curve re- 
ported in Fig. 4 , the Eq. (1), and the OIT calibration curves reported 
in Fig. 5 . The results thus obtained are compiled in Table 5 . 
As previously shown, a melting peak of AO crystals was de- 
tected on the DSC thermogram of the initial polymer film (i.e. 
before it surface cleaning with acetone). Using Eq. (1), the initial 
concentration of AO crystals present in the polymer film was esti- 
mated to be about 4.0 × 10 −2 mol.L −1 ( ≈ 2.3 wt%). Then, after sur- 
face cleaning, no more melting peak of AO crystals was detected, 
meaning that all AO crystals were removed from the sample sur- 
face with acetone and no AO crystals were present in the sample 
bulk. This result is in perfect agreement with the FTIR analyses in 
both ATR and transmission modes and the optical microscopic ex- 
aminations, suggesting that the excess of AO, under the form of AO 
crystals, was only exuded on the surface of the polymer film. It is 
noteworthy that this phenomenon was also reported in the litera- 
ture by Bair [9] in the case of a linear PE stabilised by another type 
of phenolic AO (Santonox R®). Therefore, the hypothesis emitted in 
the previous publication [8] suggesting the presence of nodules of 
AO crystals within the polymer bulk can thus be discarded. 
In addition, the total concentration of phenol functions (OH) 
was estimated using FTIR spectroscopy in transmission mode. Ini- 
tially, the concentration is about 5.7 × 10 −2 mol.L −1 (i.e. ≈ 3.3 
wt%). After surface cleaning, the remaining concentration is about 
1.7 × 10 −2 mol.L −1 (i.e. ≈ 1.0 wt%), i.e. a value very close to the 
solubility threshold determined in the previous work [8] . Once 
again, this result confirms that all AO in excess were under the 
form of crystals and were completely removed by surface cleaning 
with acetone. The difference between these two values gives ac- 
cess to the concentration of AO crystals removed from the sample 
surface: ≈ 4.0 × 10 −2 mol.L −1 . This value coincides with the initial 
concentration of insoluble AO molecules estimated by DSC. 
Finally, a significant decrease in OIT was measured after the 
surface cleaning, thus corresponding to a decrease in the total con- 
centration of AO in the material. The remaining concentration of 
AO is estimated to be of about 1.8 × 10 −2 mol.L −1 ( ≈ 1.0 wt%), 
which also agrees well with FTIR results. 
Fig. 10. Normalised hydroxyl (a) and carbonyl regions (b) of the FTIR spectra obtained in transmission mode for a Si-g-LLDPE film stabilised with 3.3 wt% of Irganox 1076®
before and after surface cleaning with acetone.
Table 5
AO concentrations in the Si-g-LLDPE film stabilised with 3.3 wt% of Irganox 1076® before and after surface




(at 200 °C and 205 °C)
DSC (under N 2 )
[OH] tot (mol.L 
−1 ) [OH] tot (mol.L −1 ) [OH] insol (mol.L −1 ) 
No surface cleaning (5.7 ± 0.4) × 10 −2 (4.0 ± 0.1) × 10 −2 
After surface cleaning (1.7 ± 0.1) × 10 −2 (1.8 ± 0.2) × 10 −2 /
Fig. 11. Revised schematic representation of the microstructure of a stabilised polymer in the case of a homogeneous and a heterogeneous distribution of antioxidants. [AO] c
corresponds to the solubility threshold of AO in the polymer matrix.
Based on all these results, the schematic representation of the 
microstructure of a stabilised polymer in the case of a homoge- 
neous and heterogeneous distribution of antioxidants reported in 
Fig. 2 was simplified. The revised representation is given in Fig. 11 . 
4. Conclusion
In the present work, a Si-g-LLDPE film stabilised with an ex- 
cess of Irganox 1076® (about 3.3 wt%) was investigated using the 
same experimental methodology developed in the previous work 
[8] . AO crystals under the form I were clearly detected by FTIR
spectroscopy in ATR mode, DSC analysis under N 2 , and optical mi- 
croscopy. In addition, new distinctive IR absorption bands corre- 
sponding to AO crystals (under form I) were evidenced on the FTIR
spectra obtained in transmission mode for this highly stabilised
sample.
OIT and FTIR calibration curves were obtained from several Si- 
g-LLDPE films, containing a concentration of Irganox 1076® up to 
3.3 wt%, and allowed determining the solubility threshold of AO 
in the polymer matrix. In accordance with the previous study [8] , 
this critical concentration is about 0.9 wt% ( ≈ 1.6 × 10 −2 mol.L −1 ) 
at 25 °C, and it is increased up to at least 2.3 wt% ( ≈ 4.0 × 10 −2 
mol.L −1 ) at 200-205 °C. 
The highly stabilised sample was then characterised, before and 
after its surface cleaning with acetone, with the help of a previ- 
ously established experimental methodology. It was found that this 
surface cleaning allows removing all AO crystals from the sample 
surface. The previous work [8] suggested that, when AO is in ex- 
cess in the polymer matrix, there is a phase separation between 
AO and polymer, leading to a heterogeneous distribution of AO in 
the polymer matrix under the form of small AO crystals. In the 
present work, it was shown that these AO crystals are only present 
at the sample surface, and not within the sample bulk. As a result, 
after surface cleaning, the solubility threshold of AO ( ≈ 0.9 wt%) 
in the polymer matrix was again found. Therefore, the previously 
established microstructural model [8] was simplified as shown in 
Fig. 11.  According to this model, when the concentration of AO is 
equal or lower to its solubility threshold (noted [AO]c  ≈ 0.9 wt%), 
all the AO molecules are solubilised into the polymer matrix and 
the distribution of AO is considered “homogeneous”. In contrast, 
when the concentration of AO increases and exceeds this critical 
concentration, a phase separation occurs and the AO molecules in 
excess in the polymer matrix exude to form AO crystals on the 
sample surface, while the sample bulk is saturated with soluble 
AO molecules. The distribution of AO in the polymer film is thus 
“heterogeneous” only at its surface. 
OIT measurements before and after surface cleaning suggested 
that AO crystals participate efficiently to the stabilisation process 
of the polymer matrix, at least during the OIT experiments (i.e. in 
molten state at high temperature and under pure O 2 ). Hence, an 
excess of AO might constitute an interesting stabilisation route for 
industry, still unexplored to date, if obviously the surface condition 
of the material is not crucial to the application. However, further 
investigation is still needed to elucidate the role of AO crystals dur- 
ing the oxidative reactions, in particular during thermal and radio- 
oxidations and hence, to determine whether or not an excess of AO 
could be favourable for improving the polymer lifetime. 
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